The challenge in many production activities involving large mechanical devices like power transmissions consists in reducing the machine downtime, in managing repairs and in improving operating time. Most online monitoring systems are based on conventional vibration measurement devices for gear transmissions or bearings in mechanical components. In this paper, we propose an alternative way of bearing condition monitoring based on the instantaneous angular speed measurement. By the help of a large experimental investigation on two different applications, we prove that localized faults like pitting in bearing generate small angular speed fluctuations which are measurable with optical or magnetic encoders. We also emphasize the benefits of measuring instantaneous angular speed with the pulse timing method through an implicit angular sampling which ensures insensitivity to speed fluctuation. A wide range of operating conditions have been tested for the two applications with varying speed, load, external excitations, gear ratio, … The tests performed on an automotive gearbox or on actual operating vehicle wheels also establish the robustness of the proposed methodology. By the means of a conventional Fourier transform, angular frequency channels kinematically related to the fault periodicity show significant magnitude differences related to the damage severity. Sideband effects are evidently seen when the fault is located on rotating parts of the bearing due to load modulation. Additionally, slip effects are also suspected to be at the origin of enlargement of spectrum peaks in the case of double row bearings loaded in a pure radial direction. A c c e p t e d m a n u s c r i p t
Introduction
Numerous papers have focused on detection and diagnosis of faults in rolling element bearings with the expected goal to reduce downtime of machines, to manage repairs and improve their operating time. Conventional approaches are based on the assumption that effects of bearing faults can be considered as load fluctuations in time associated to impact of rolling elements when passing through the fault [1] , [2] , [3] . These load fluctuations induce excitation of structural resonances or displacements of shafts whose consequences are resulting vibrations which can be measured [4] . Classical Condition Monitoring Systems (CMS) take advantage of non intrusive transducers like accelerometers or electrical motor currents but they suffer from the transmission path between the excitation and the transducers [2] .
From a data acquisition point of view, CMS traditionally use time sampling method (with constant time step) and analysis tools based on frequency investigations. As rolling element bearings present a discrete geometry in rotation, this kind of data acquisition implies that revolution speed has to be as constant as possible during the measurement. Even if the revolution speed is monitored, mechanical and electrical operating conditions induce small speed fluctuations [5] . These fluctuations generate frequency modulation on all the time sampled signals. Moreover, these established speed fluctuations act like modulating excitations on structural fixed resonances, leading to response signals with a very rich spectrum [6] . Moreover, the modulation effect is also renowned for the moving load in reference with the fault location [4] . All these modulation effects are directly related to the geometry and kinematic properties of the rolling element bearings. Several studies on monitoring geared systems have also shown similar effects [2, 10, 11] Therefore, great research efforts have been concentrated on signal processing methods in order to extract valuable information and/or to cancel transfer functions of this transmission. Many different investigations have been carried out on this problem, introducing various analysis tools, based on either deterministic approaches like frequency demodulation [5, 7] or stochastic methods like cyclostationarity [8] . Generally, the efficiency of these remains dependent on operating conditions or linked to particular geometry architecture of machines under consideration.
An alternative methodology appeared two decades ago by measuring other effects of faults in geared systems like Transmission Error [9, 10, 11] involving new sensors like optical encoders [12] . In the meantime, the notion of instantaneous frequency appears and signal processing tools allow extracting valuable information for condition monitoring [13] . From turbo machines, order tracking is also investigated in order to adapt sampling frequency with revolution speed [14] but in the time domain. In the recent years, instantaneous angular speed becomes one of the most promising investigation way for monitoring geared mechanical systems [11, 15] , internal combustion engines [16] or electrical motors [17] . Generally, acquisition of instantaneous angular speed is processed in the time domain or not precisely presented. This paper stands essentially on a first experimental approach and suggests an alternative measurement approach for detecting local faults in rolling element bearings, particularly emerging pitting faults in outer or inner race. The main assumption made in this work assumes that very small revolution speed fluctuations are induced by the presence of local faults only by changes in the kinematics. This alternative way of detecting faults is based on instantaneous angular speed measurement by the help of optical or magnetic encoders. Nowadays, these transducers have been widely used for gear transmission characterisation and now reach an interesting level of maturity and integration in mechanical systems. The first section of the paper is devoted to the general presentation of angular speed measurement in the angular domain with encoders. The measurement principle applies the pulse timing method for high precision time location of encoder signal events. Then, the second section exhibits results obtained on an automotive transmission gearbox equipped both with optical and magnetic encoders. Different operating conditions have been investigated for three fault conditions on the outer race of a tapered roller bearing. More experimental results on automotive wheels are presented in the third section. Investigations are performed on double row tapered roller bearings with different kinds of actual and induced faults. Various A c c e p t e d m a n u s c r i p t actual operating conditions have been examined systematically during tests. The last section presents some conclusions and perspectives for this promising way of fault detection in rolling element bearings.
Angular instantaneous revolution speed measurement 2.1 General considerations on bearing fault signature
Bearings in general consist of two concentric rings, outer and inner, with balls or rollers between them (Fig 1) . The balls are bound by a cage which ensures a uniform distance between them and prevents any contact during revolution. The bearings can be damaged by external causes like contamination of the bearing by external particles (dust or sand), like corrosion induced by the penetration of water, acids, inadequate lubrication which can cause heating and the wear of the bearing, bad alignment of the shafts, current which crosses the bearing and which causes electric arcs.
Bearing defects can occur because of metal fatigue under normal operational conditions. Generally, cracks will appear on the tracks or/and on the balls. Then, chipping and tearing off of material induce initial spalls and can quickly accelerate the wear of a bearing. In the first stage of this material removal, load or speed fluctuations due to the repetitive impacts of the moving components on the defect are diffuse but they grow as faults spread along the contact surface. For instance, when a rolling element contacts a defect on the inner or outer raceway, it produces a variation in load or in kinematics which is sudden and local at the beginning of this wear process and becomes extended when the damage covers a large area of the contact surface.
In an operating bearing, a series of impacts occurs with a repetition frequency which depends on whether the defect is on the inner, on the outer race, or on the rolling element. Therefore, the overall phenomenon signals measured on the bearing show a periodic pattern. The defect will produce one of the four characteristic fault frequencies depending on which bearing surface contains the fault. Each bearing defect has its own signature and it is characterized by a well-known frequency which can be calculated starting from the geometry and dimensions of the bearing (See equations (1)-(4) and Figure 1 ). 
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In the case of vibration signal, this pattern consists in a succession of oscillating bursts dominated by the major resonance frequency of the structure defined by the bearing and its support. Furthermore, when the position of the defect is moving with respect to the load distribution on the bearing, the series of impacts is modulated in amplitude. From these considerations, some randomness should be expected in the measured vibration signal as well as some amplitude modulation.
As pointed out in literature, rolling element bearings can experience some slip of the rolling elements which can induce either constant or random deviations in frequency location estimated from the kinematics. The constant component in this difference is commonly attributed to the actual dimensions of the bearing compared to the nominal dimensions, and to mean load which induces deformations and mean placement of rolling elements. For example, if taper roller bearings are considered, the bearing geometry induces slip between the rollers and the races except at one axial position which can vary with load, alignment, etc. The random component can be associated with the random placement of each rolling element at the time of each impact. Therefore, this phenomenon leads to a spread of frequency location associated with local changes in kinematics. As a consequence, this yields to the fact that occurrences of the impacts never reproduce exactly at the same position from one cycle to another.
In this study, all the defects are located on the fixed part of the bearing, either on the inner or the outer races of the bearing, leading to a non moving load condition. Moreover, it is also assumed that random slip of rolling elements is negligible and frequencies are approximately located by equations (1)-(4) in reference to the rotation frequency of the shaft, with low differences due to load or actual kinematics.
Revolution speed measurement and angular sampling
Revolution speed measurements are carried out by using through shaft encoders directly mounted on the shaft of interest. These transducers deliver square form signals as gratings on a disc pass in front of a sensitive detector. Gratings can be geometrical notches with proximity transducers, magnetic patterns in the case of magnetic encoders or optical patterns with light sensitive transducers. Noisy sine signals delivered by raw transducers are generally processed electronically to provide TTL signal, including interpolating features. Therefore, resolution of encoders is given by the resolution of the coding element and by the interpolating factor. All these processing procedures can be embedded in the encoders and introduce signal distortions defining the global precision and quality of the transducer. Generally speaking, optical encoders are the highest precision transducers even if magnetic encoders reach now sufficient precision for precision rotation speed measurements.
Revolution speed measurement is performed with the help of the Pulse Timing Method largely used in gear Transmission Error measurement. The instantaneous angular speed is estimated for each pulse of the encoder signal by counting pulses delivered by a high frequency clock as presented in Figure 2 . The data acquisition system consists of a high frequency counter device which can be commonly found on traditional data acquisition board. The angular speed is given by the following equation (5) and depends only on the resolution of encoder ( N ) and on the clock frequency ( H f ).
2 The acquisition process is equivalent to having time estimation i N between successive rising edges of the encoder signal and this for each of them. Therefore, the acquisition occurs at a sampling rate directly linked to the shaft rotation speed (and of course to the resolution of the encoder). It is more convenient to keep angular sampling and not to come back to the time domain because this transformation implies sampling modulations associated to revolution speed fluctuations.
As only revolution speed fluctuation are of interest in this study, all the signal processing and analysis performed in this paper will be done not on the instantaneous angular speed i ϖ but on the time duration i N of successive encoder gratings.
Frequency location of bearing faults with angular sampling
If acquired signals are sampled in the angular domain of the rotating shaft position, all the bearing frequencies are generally exactly located at a non integer multiple of the shaft frequency. Performing an FFT on angular sampled signals leads to a spectral energy expansion on order components in reference to shaft revolution. Any phenomenon which appears α -times periodically during one revolution of the shaft will be expanded on the component located at frequency of α order. Then, each specific frequency of rolling element bearing is perfectly located in angular frequency domain. For example, in the case of an outer race fault, the FFT of any signal sampled in the angular domain should present a significant component at the α order corresponding to the ratio of the outer race frequency over the rotating shaft frequency. This angular frequency component generalizes the conventional order analysis with non integer orders and is related to the bearing kinematics by :
This ratio can also be interpreted as the number of events (speed fluctuation due to kinematic changes introduced by a spall) which occur during one revolution of the shaft.
Another key advantage of angular sampling is given by the accuracy of frequency separation which can be reached. Indeed, in order to increase the number of frequency channels, the signal length on which the FFT is performed must be as large as possible. When time sampling is used, rotation speed fluctuations induce the spread of a particular frequency component on channels close to the target one. When angular sampling is performed on signals, no modification due to rotation speed fluctuations occurs and frequency components related to specific angular periodicity are already attached to the same angular frequency channel. Therefore, angular sampling makes it possible to Fourier Transform very large signals, giving access to high resolution spectral analysis and to the capability of sorting very low and close magnitude components. Moreover, this important key feature opens the opportunity to perform measurement under varying speed operating conditions, avoiding constant speed requirements generally laid down when time sampling is performed. m a n u s c r i p t
Experimental results on automotive gearbox test bench 3.1 Description of the test bench and signal processing
The test bench dedicated to this study is made up of an automotive gearbox, driven by an electrical motor mounted in an open loop design allowing generation of an acyclic excitation. The gearbox is loaded by the help of an electrical generator which is torque monitored. Revolution speed of the whole kinematic chain can be controlled over a large range of operating conditions. The gearbox presents a first reduction stage with four different gear ratios and a second stage with 64/15 gear ratio. Only two gear ratio conditions have been investigated (3 rd with a 27/31 gear ratio and 4 th with 45/37 gear ratio).
The gearbox is equipped with different transducers on the two main shafts as shown in Figure 3 . 
Figure 3: Test bench overview showing gearbox and its transducers
Magnetic encoders (SNR SLE XAB-41072) are included in an integrated design with roller bearing and these are located at the free end of shafts with a second plate. In this test application these bearings are not functional bearings but are only used as added encoders. The resolution of these encoders reaches 1024 pulses per revolution by increasing raw resolution of the magnetic pattern (32 pairs of magnetic poles) by an interpolation factor. Accelerometers are also available as classical transducers but are not used in this experimental campaign.
The defective bearing on this gearbox is a tapered roller bearing (SNR 32005) with 17 rolling elements.
All the main characteristics of this bearing are reported in Table 1 . From writing velocity relationships between bearing elements, the frequency location of an outer race fault can be estimated by equation (7).
With numerical values, this leads to the frequency of an outer race fault being located at 7.2521 times the rotation frequency of the supported shaft.
Geometrical characteristics Value for SNR 32005 Number of rolling elements ( B N )
17
Inclination angle of rolling element axis (κ ) 13°55'
Half-cone angle of rolling element ( ε ) 2°05' Three different levels (without, small and large fault) of natural and actual pitting faults are considered in this paper. For confidential reasons, only a qualitative description of these faults is summarized in Figure  5 . The orientation of the outer race in the casing is set for the load applied on the bearing to be in the direction of fault location.
(a) outer race orientation and fault location (large spall) (b) actual pitting fault shape defined as small spall
Figure 5: Fault description and location on the outer race
Signal processing consists of a simple Fourier Transform of the signal representing the time intervals between pulses of the encoder. In order to have sufficient spectral resolution, this analysis is performed on large signals corresponding to 353 shaft revolutions with optical encoders (722 944 points) and 450 revolutions for magnetic encoders (460 800 points). The FFT is calculated without any normalization for the length of the signals therefore limiting the possibility to compare signals only for each kind of transducers. As for all operating conditions the length of signals is kept the same, comparison between these measurements can be done but remains relative.
Various operating conditions in torque and speed have been investigated in this study but only some of them are presented in the next section for constant or varying operating speed.
Measurements with constant speed operating conditions
In this section, results of measurements carried out for constant rotation speed of the supported shaft (300 rpm) and for constant applied torque (60 Nm) are presented in the case where the 4 th gear is engaged.
Measurements with optical encoders
In Figure 6 , the three different outer races have been tested and the figure shows the main spectral components. First of all, the main gear frequencies are obviously visible and located at the primary shaft rotation frequency due to eccentricity of the pinion (order 1), at the gear ratio order for eccentricity of the wheel (order 1.2162), and at integer orders for acyclism and harmonics. As expected, the component at angular frequency corresponding to 7.2521 events per revolution appears in the spectrum, particularly for the large spall conditions. A magnification of the bandwidth from order 7.2 to order 7.4 presented in Figure 7 shows that component due to outer race fault increases as the size of the spall increases. In the reference condition without spall, the level of the target frequency channel is null while it takes a significant level when the spall is large. The frequency channel located at 7.2972 just near the target frequency has rather the same level for the three operating conditions. This component has been found to be associated with the 6 th harmonic of secondary shaft acyclism.
In order to demonstrate this assumption, some additional tests have been performed with the 3 rd gear engaged. With this new condition, the component should appear at angular frequency order 5.2258. The Figure 8 shows the focused bandwidths for the two gear conditions in presence of a large outer race spall Moreover, a fault component like acyclism harmonic can be monitored with an encoder either mounted on the target shaft or any shaft not directly connected with the fault, through a gear stage.
Measurements with magnetic encoders
The following results obtained with magnetic encoders have been chosen with a different operating rotation speed which is set to 2000 rpm in order to show high frequency conditions. When using a magnetic encoder, the angular location of pulses is less precise than with optical encoders and leads artifacts on angular spectral analysis of instantaneous angular speed. In Figure 9 , the spectra for the three fault conditions are contaminated with integer order harmonics by the magnetic encoder. Figure 10 for the largest spall condition. 11 As in the previous section, the focused view of the spectral analysis arrives at the same conclusions concerning the 6 th harmonic of acyclism and outer race fault and is shown in Figure 11 . The relative difference between the levels obtained for the three conditions is always observed but less strongly for the small spall condition. Compared to the previous optical encoder measurements, these conditions are representative of industrial conditions with robust transducers and especially with actual speed conditions.
A c c e p t e d m a n u s c r i p t

Measurements with variable speed operating conditions
The most attractive property of angular sampling lies on its independence with respect to varying rotation speed. This section gathers the main results obtained under varying speed conditions. These variations are generated manually through the electrical motor control console and an example of the time history of such variations is given in Figure 12 . In this section, only the two largest faults have been investigated under low torque (20 Nm) both with optical and magnetic encoders. As shown in Figure 13 with the optical encoder, the spectral content is more chaotic in very low frequency range but frequency channels associated with the outer race spall and acyclism from the secondary shaft are always there and their levels are quite similar to those obtained in constant speed conditions. With magnetic encoders, there are also perturbations in the low frequency range (see Figure 14 ). Even if no correction of encoder signature is performed, the spectral component of outer race fault exhibits a distinguishable level with spall on the outer race.
Experimental results on automotive wheels in real operating conditions
Another set of experiments have been performed on a small industrial vehicle in order to validate the feasibility of fault detection on a wheel bearing using magnetic encoding facilities implemented for anti blocking or trajectory control systems.
Description of the measurement device and operating conditions
The vehicle used for testing detection in an actual application is a small truck with a rear-wheel drive (see Figure 15 ) on which the front wheels are equipped with specific active sensors. A simple notch has been machined on the existing axle for positioning the sensor beside the magnetic target on the rotating part of the bearing. A tri-axial accelerometer is also mounted on the axle but is no more used in this study (see Figure 15 ). The bearing is a double row tapered roller bearing from NTN Corporation with a magnetic pattern offering a raw resolution of 60 pairs of poles. The sensor allows an interpolation factor of 40, leading to a global resolution for the magnetic encoder of 2400 pulses per revolution. The bearing change operation is performed traditionally without any change in the guidelines or any particular care. It must be remarked that, in this automotive application, the outer race is the rotating part of the bearing and inner race is fixed. Different kinds of fault have been tested, from early stage of pitting to large and spread wear either on inner or outer races. As the bearing design is a double row, only the inner side of the bearing is subjected to pitting at different stages of evolution as shown in Figure 16 . Thanks to NTN facilities, this pitting was obtained through a natural damage process. 
Results on bearings with localized faults
As a reference configuration, the first test was performed with a healthy bearing on the right wheel and the bearing with small spall on the inner race on the left wheel. As shown in Figure 17 , the spectral analysis is very dense for low frequency range but with a very important contribution in the range of the inner race frequency, from 11.32 to 11.33 channels. This contribution over large range may be put down to slipping of rolling elements during the test. Indeed, the load sharing between the two rows of this bearing design m a n u s c r i p t may explain this not well located contribution as load conditions are changing during the test, inducing changes in the kinematics of the faulty row of the bearing. This enlargement effect can be associated with the random spread of frequency and local changes in kinematics. The next configuration of interest is achieved by using the bearing with a large spall on the inner race on the left side. The two operating conditions involving a turning trajectory are presented in Figure 18 . When anti clockwise turning is operated (see Figure 18 (a)), no fault contribution appears in frequency channels close to the inner race frequency (11.39 events per revolution) because the load applied on the bearing is fully supported by the outer side row of rolling elements. Conversely, when clockwise turning steerage occurs (see Figure 18 (b) ), only the inner side row is supporting the load and the spall response is clearly seen at the right location, without the slip effect caused by load sharing as previously shown. These two tests performed without load on the truck allow also the validation that the weight of the truck is sufficient for fault detection on the inner race of the bearing. In Figure 18 (b) , ones can notice that the same component appears on two different channels on the left or the right wheels. This is supposed to be a frequency contribution like acyclism from the motor, inducing small truck speed fluctuations. These fluctuations are then translated as angular contribution on each wheel with different rotation speed (the left wheel is running faster during clockwise turning steerage).
The last operating condition presented in this paper is performed with a large spall on the outer race of the left bearing without vehicle load during a straight trajectory at constant speed. In the particular case, the fault is alternatively loaded and unloaded during the revolution of the wheel, generating a modulation A c c e p t e d m a n u s c r i p t effect. This is clearly shown in Figure 19 with activated channels in the spectrum at the fault frequency (8.604 events per revolution) and channels located on each side at a distance of one, two or three events per revolution. The small difference in frequency location (8.67 instead of 8.604) can be attributed to changes in kinematics due to dimension tolerances and/or to the applied load. Particularly in conical roller bearing, the axial position where there is no slip changes with permanent load and consecutive deformations, therefore leading to permanent kinematic changes in the bearing. This well known modulation effect does not induce a random slipping effect with the spread of contribution over neighboring channels like in Figure 17 . The contribution located at 7.55 events per revolution is supposed to be a consequence of motor contribution like previously submitted.
Many more other configurations have been tested but not reported in this paper, contributing to the general conclusions given and to the firm and robust feeling that instantaneous angular speed measurement is a very promising tool for early fault detection in bearings.
Conclusions
The main objective of this paper lies on the proof that instantaneous angular speed measurement with a true angular sampling is a very promising key feature in detecting bearing faults early in their damage process. This measurement is based upon classical through-shaft encoders with magnetic or optical gratings now available in industrial packages. The instantaneous angular speed measurement principle takes advantage of the Pulse Timing Method and is based on the kinematics of the device under monitoring. It only requires counter/timer devices and a high frequency clock (80 MHz).
This study, mainly supported by experimental results, proves that instantaneous angular speed exhibits small fluctuations with periodic components well located in the angular frequency domain when spalling appears. This novel indicator is also proved to be efficient for different kinds of early fault detection in bearings and to be robust for actual operating conditions. Firstly, measurements have been carried out on an automotive gearbox equipped with both optical and magnetic encoders and with one bearing offering three levels of early spalling on its outer race. In a second validation step, only magnetic encoders have been used on the front wheels of a small industrial vehicle with double row tapered roller bearings. Different kinds of spalling damage have been analyzed for faults on the outer or inner races. A wide range of operating conditions have been tested for the two applications with varying speed, load, external excitations, gear ratio, etc.
A c c e p t e d m a n u s c r i p t
As expected, optical encoders provide a higher quality signal compared to magnetic encoders which introduce noise components at integer orders of rotating shaft frequency. This signature does not affect the non-integer frequency channels associated with bearing faults and can be avoided by means of the angular averaging process. The tests performed, either with high magnitude changes in rotating speed for the automotive gearbox or with different operating conditions in the case of vehicle wheels, also establish the robustness of the proposed methodology.
Even if the proposed measurement requires a high resolution spectrum only available through angular sampling, the post-processing consists in a classical and simple Fourier transform. For similar postprocessing conditions, angular frequency channels kinematically related to the fault periodicity show significant magnitude differences related to the damage size. Sideband effects are evidently seen when the fault is located on rotating parts of the bearing due to load modulation. Additionally, slip effects are also suspected to be at the origin of widening of spectrum peaks in the case of double row bearings loaded in a pure radial direction.
Further work remains in order to investigate the relationship between the magnitude of bearing components and the damage progress. Moreover, the changes induced by different gear ratios on the automotive application awaken an interest in comparing different operating kinematics.
